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[57] ABSTRACT
A method and apparatus for imaging an object that is

‘part of, embedded in, or viewed through a scattering

medium is provided. A broadband stochastic beam gen-
erator, such as a broadband laser, generates a broadband

- stochastic beam and a narrowband beam generator gen-

erates a2 narrowband beam. A non-linear mixing crystal
receives the broadband stochastic beam and the nar-

" rowband beam and provides a signal light beam conju-
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gate correlated with the broadband stochastic beam to
the scattering medium. A multiple-wave mixing cell is
disposed to receive the signal light beam from the scat-
tering medium. An adjustable delay path also illumi-

nates the multiple-wave mixing cell with the broadband
stochastic beam. A supplemental beam generator is also
prowded for also additionally illuminating the multiple-
wave mixing cell with a supplemental beam having
characteristics sufficient to satisfy phase matching with
the material of the multiple-wave mixing cell. The mul-
tiple-wave mixing cell produces an image-bearing beam
which contains an image of an object extracted from the
signal light beam emitted from the scattering medium.
The apparatus can further include a detector to record
the image of the object in the image-bearing beam.

26 Claims, 3 Drawing Sheets
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METHOD AND APPARATUS FOR IMAGING AN

OBJECT IN OR THROUGH A SCATTERING
- MEDIUM BY USING MULTIPLE-WAVE MIXING

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s related to commonly assigned,
U.S. application Ser. No. 07/861,213, pending, filed on
Mar. 31, 1992 by Reintjes, Duncan, Mahon, Tankersly,
Waynant and Bashkansky and entitled “Time-Gated
Imaging Through Dense-Scattering Materials Using
~ Stimulated Raman Amplification” and commonly as-
signed, U.S. application Ser. No. 07/970,886, pending,
filed on Nov. 3, 1992 by Bashkansky and Reintjes and
entitled “Apparatus For Imaging An Object In Or
Through A Scattering Medium Using Coherent Anti-

2
time resolution. Such techniques can provide time gates
in the picosecond or subpicosecond regime, depending
on the length of the optical pulse.

One gating technique suitable for picosecond or fem-
tosecond pulses 1s holography. Conventional hologra-

- phy, or electronic holography, can be used. However,

10

15

Stokes Raman Scattering”, which are incorporated

herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to imaging devices and,
more particularly, to a method and apparatus for imag-
ing an object in or through a scattering medium using a
non-linear mixing crystal and a multiple-wave multiple-
wave mixing cell.

2. Description of the Related Art

20

23

Images of objects that are part of, embedded in, or

viewed through a medium in which a significant
amount of multiple path scattering occurs are usually
blurred or otherwise degraded in resolution or com-
pletely obscured because the different paths over which
the scattered radiation travels causes the image to ap-
pear to arise from more than one location within the
scattering medium. FIG. 1 illustrates a scattering me-
dium illuminated by a light beam 60. When the light
beam 60 travels through the scattering medium 10, the
light 1s scattered and emitted as beam 63. There are
several methods that can be used to overcome this prob-
lem, with each having certain disadvantages.

A first method involves the spatial filtering of the
image to include only those rays that are not deviated
too far from the axis of the optical system. This tech-
nique fails to effectively eliminate the background radi-
ation due to the scattered light.

A second method of overcoming the blurring of the
image is to time gate the transmitted signal so that only
the earliest light that emerges from the scattering me-
dium is recorded by a detector. This “first light” either
is not scattered, or is scattered over a relatively short
path compared to light that emerges later, and therefore
prowdes the least amount of image degradation. Imag-
ing through dense scattering materials, such as biologi-
cal tissue, or solids or liquids that appear translucent or
even opaque to the unaided eye can require gatmg times
of the order of 10 picoseconds or less.

There are several techniques currently used to per-
form such time-gated imaging measurements, including
various forms of electronic gating and optical gating.
Electronic gating can be accomplished either by gating
a photoelectric image tube directly, or by switching
- some other part of the photoelectric detection circuit.
These techniques are currently limited to gating times
of the order of 50-100 picoseconds (psec) or longer.

Another technique involves the use of picosecond or
femtosecond pulses for illumination of the object, fol-
lowed by an optical gating technique to provide the

30

33

all of the transmitted light is recorded at the detector. If
a large fraction of the trans_mitted light is contained in
the non-image bearing tail that is delayed through scat-
tering, the interference fringes that form the hologram
will be washed out, and the noise in the image will be
increased until the image is totally obscured.
Holography can also be accomplished with broad-
band, long-pulse laser light, in which the gate time is

determined by the inverse of the bandwidth of the light.

However, this technique suffers from the same disad-
vantages described above for picosecond holography:
large signal requirements and relatively low contrast
between the image-bearing portion of the transmitted
hght and the non-image-bearing tail.

Another techmque for short pulse gating is the use of
a Kerr shutter, in which the transmission of light
through a cell between crossed polarizers is controlled
by a second pulse of light. The gate times for this ap-

- proach can be of the order of picoseconds, depending

on the duration of the controlling light pulse and the
response time of the active medium in the Kerr gate.
This technique suffers from limitations in contrast be-
cause of leakage of the wrong polarization through the
polanzers, and losses 1n the Kerr gate because the trans-
mission is less than 100%.

Image amplification with picosecond time-gated am-
plifiers based on dye amplifiers pumped by picosecond
laser pulses have also been described in the prior art.
The limitations of these amplifiers are that the high

- level of fluorescence necessary to produce the short

45

gating time contributes a background on top of the
amphﬁed image, himiting the sensitivity and increasing
the noise level.

Several other techniques are also possible. Streak
cameras can be used to record the image. Time resolu-
tions down to 2 picoseconds are currently possible.
However, only a one-dimensional image is obtained,
requiring scanning to produce a two-dimensional im-
age. In addition, the streak cameras are of limited sensi-

~ tivity, limiting their utility in detectmg low-level sig-

50
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nals. Another approach that uses time-gating involves
the technique of four-wave mixing. Conversion of the
signal light takes place only while the gating pulse is
present. The main drawback to this approach is the
combination of low conversion efficiencies associated
with the conversion process (10% or less), coupled with
limitations on the allowable illumination signal as set by
the ANSI standards for irradiation of living tissue.
Four-wave mixing using phase conjugation has also
been suggested. The disadvantage of this technique is
that, while phase conjugation can correct refractive
distortion, it does not correct for scattering distortion

due to fundamental considerations.

Non time-gating techmques also include the use of
holographic recordings using spatial correlation to dis-
criminate against the non image-bearing light. This
approach has the same limitations due to low contrast
with non-correlated light as discussed above for holog-
raphy. Finally, use may be made of absorption in the
sample to attenuate the longer paths associated with the
multiple scattered light. This can work in materials that
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are highly absorbing, but not for materials that are pri-
marily scattering rather than absorbing.

Recently developed systems involve time gating by
stimulated Raman amplification using short light pulses,
~and correlation gating usmg coherent Antl-Stokes
Raman scattering.

None of the above-described systems minimizes the
scattered background without introducing noise, while
simultaneously operating at high efficiency with long
laser pulses.

SUMMARY OF THE INVENTION

It therefore an object of the present invention to
provide a method and apparatus for imaging an object
that 1s embedded in or viewed through a scattering
medium using long duration pulses.

Another object of the present invention is to prov:de
a method and apparatus for imaging an object that is
embedded in or viewed through a scattering medium
which provides both short time resolution and long
duration pulse light illumination to the scattering me-
dium.

Another object of the present invention is to provide
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a method and apparatus for imaging an object that is

embedded in or viewed through a scattermg medium
capable of eliminating photon noise in addition to re-
moving background illumination due to scattering
within the scattering medium. |

~ Another object of the present invention is to provide
a method and apparatus for imaging an object that is
embedded in or viewed through a scattering medium
capable of effectively removing background illumina-
tion caused by scattering within the scattering medium
and still provide an extracted image of sufficient inten-
sity and quality.

A further object of the present invention is to provide
a method and apparatus for optically extracting an ob-
ject in a beam of light emitted from a scattering me-
dium.

In order to achieve the foregoing and other objects,
in accordance with the purposes of the present inven-
tion as described herein, a method and apparatus for
imaging an object that is embedded in or viewed
through a scattering medium is provided. A broadband
stochastic beam generator, such as a broadband pulse
laser, generates a broadband stochastic beam and a
narrowband beam generator generates a narrowband
beam. A non-linear mixing crystal receives the broad-
band stochastic beam and the narrowband beam and
provides a signal light beam to the scattering medium at
a frequency equal to the difference between the fre-

25
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quency of the narrowband beam and the broadband

stochastic beam. A cell is dlsposed to receive the signal
light beam from the scattering medium. An adjustable
delay path also illuminates the multiple-wave mixing
cell with the broadband stochastic beam. A supplemen-
‘tal beam generator is also provided for additionally
illuminating the multiple-wave mixing cell with a sup-
plemental beam having characteristics sufficient to sat-
isfy phase matching with the material of the multiple-
wave mixing cell. The multiple-wave mixing cell pro-
duces a image-bearing beam which contains an image of
an object extracted from the signal light beam emitted
from the scattering medium.

The above-mentioned and other objects of the pres-
ent invention will become more apparent from the fol-
lowing descrlptlon when read in conjunction with the
accompanying drawings. However, the drawings and

33
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descriptions are merely illustrative in nature and not
restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a diagram of a scattering medium;

FIG. 2 illustrates a schematic block diagram of the
method and apparatus for i Imaging an object embedded
in or viewed through a scattering medium accordmg to
a preferred embodiment of the present invention; and

FIG. 3 illustrates a modification of the embodiment
of FIG 2.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

FIG. 2 illustrates a method and apparatus according
to a preferred embodiment of the present invention for
imaging an object embedded in or viewed through a
scattering medium 110. A broadband pulse laser 120 can
provide a broadband stochastic beam 130. The broad-
band pulse laser 120 can provide long duration pulses of
at least about one nanosecond (10—9 seconds). A rela-
tively small portion 130z of the broadband stochastic
beam 130 output of the broadband pulse laser 120 is
passed through a beam splitter 150 to illuminate a non-
linear mixing crystal 145 and the remaining larger por-
tion 1306 of the beam 13 is reflected by a beam splitter
150.

A narrowband laser 121 provides a narrowband beam
131 for also i'luminating the non-linear mixing crystal
145. The narrowband laser 121 can be a conventional
pulse laser having a pulse duration comparable to that
of the laser 120, as discussed above. Additionally, the
pulses of the narrowband laser 121 must be synchro-
nized with the pulses of the broadband pulse laser 120.
However, the narrowband laser 121 can also, alterna-
tively, be a conventional continuous wave coherent
laser or the like and not provide pulses.

The non-linear mixing crystal 145 should preferably
be made of materials sufficient to provide the signal
ight beam 160 by three wave difference frequency

-mixing of the light from the broadband stochastic beam

130 output of the broadband pulse laser 120. These
materials can be, for example, potassium titanyl phos-
phate, potassium dihydrogen phosphate or lithium nio-
bate. However, the narrowband laser 121 and the non-
linear mixing crystal 145 can be eliminated altogether if
replaced by a light source that is conjugate correlated
with the broadband stochastic beam 130g and of a fre-
quency vs different from a two photon transition fre-
quency vg by a frequency v of the broadband stochas-
tic beam 130a.

‘The non-linear mlxmg crystal 145 provides a signal

| llght beam 160 that is correlated with the complex con-

jugate of the light in the broadband stochastic beam
130a. The frequency of the signal light beam 160, Vs, is
the frequency difference between the frequency v of
the broadband stochastic beam 130z and the frequency
vR of the narrowband beam 131, i.e. vs=vg—v;.

A filter 170 passes the signal light beam 160 and
blocks the broadband stochastic beam 130z and the
narrowband beam 131 which emerge from the non-lin-
ear mixing crystal 145. Alternatively, polarization filters
can be used instead of frequency filtering to remove the
broadband stochastic beam 130q and the narrowband
beam 131 and pass the signal light beam 160. Further,
although it i1s preferred that both the broadband sto-
chastic beam 130 and the narrowband beam 131 illumi-

“nate an entirety of the non-linear crystal 145, it is possi-
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ble that the beams 1304 and 131 can illuminate the non-
linear mixing crystal 145 at different angles. In such an
instance, the signal light beam 160 may be passed out of
the non-linear mixing crystal 145 at a different angle
than the beams 130a and 131. In such a case, the signal
light beam 160 can be captured for elimination of the
scattering medium 110.

The signal light beam 160 scatters within the scatter-
ing medium 110 to produce a signal light beam 165
which is then projected upon a multiple-wave mixing
cell 185. The portion 1306 of the broadband stochastic
beam 130 that is reflected by the beam splitter 150 is
passed through an adjustable reference path 190 to pro-
duce a delayed broadband stochastic beam 135, which is
also directed into the multiple-wave mixing cell 185.
Further, a supplemental beam laser 166 generates a
supplemental beam 167 for illumination of the multlple-
wave mixing cell 185. Because the multiple-wave mix-
ing cell 185 receives three waves (165, 135 and 167) and
generates a fourth wave or image-bearing beam 410 in
the illustrated embodiment, it is often referred to as a
four-wave or a multiple-wave mixing cell. When the
multiple-wave mixing cell 185 is formed of a material

5
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having a two photon transition at the frequency vg of

the narrowband laser 121, the image-bearing beam 410
contains an image of the object 1185, that is embedded in
or viewed through the scattering medium 110, without
distortions from scattering and without additional pho-
ton noise from the multiple wave mixing process.

The multiple-wave mixing cell 185 can be an atomic
vapor that is a metallic vapor such as, for example,
barium. Other possible metallic vapors include stron-

25

30

tium, rubidium and cesium. The multiple-wave mixing

cell 185 can be any material having a narrow band two

photon transition (resonance) at the frequency
vrR=v1+vs wherein v, is the frequency of the broad-
band stochastic beam 1305, vs is the frequency of the
signal light beam 160 and vg is the frequency of the
narrowband beam 131. This two photon resonance
should have a bandwidth transition that is small com-
pared to the bandwidth of the broadband stochastic

beam 1305 and the signal light beam 160. Because the

available lasers for providing a desirable frequency and
intensity of a signal light beam are limited by nature, the
materials for the multiple-wave mixing cell having con-
venient two photon resonance are limited.

For example, when barium having a two photon
transition wavelength 1/vg= ?LR of 433.61 nanometers is
used for the multiple-wave mixing cell 185 and when
the scattering medium 110 conveniently can be imaged
by a signal light 160 of a wavelength 1/vs=Ag of 850
nanometers, then the broadband stochastic beam 130q
should have a frequency of 1/vi=A1=2885.16 nanome-
ters. The supplemental beam 167 can thus be chosen at
1/v3=A3=750 nanometers so that the image-bearing
beam 410 is at 1/v4=A4=274.8 nanometers.

‘The supplemental beam laser 166 can be either a
broadband or narrowband laser capable of emitting
light of a frequency sufficient to satisfy phase matching
requirements with the material of the multiple-wave
mixing cell 185. The frequency v3 of the supplemental
beam 167 generated by the supplemental beam laser 166
should be chosen so that phase matching conditions In
the multiple-wave mixing cell 185 are satisfied for the
sum frequency process v4=v)+vs+vi. The supple-
mental beam laser 166 can be either a pulse laser or a
continuous wave coherent laser. However, if the sup-
plemental beam laser 166 is a pulse laser, it must be

35
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6
synchronized with pulses of the broadband pulse laser
120.

When the appropriate frequencies causing the excita-
tions discussed above are chosen, the multiple-wave
mixing cell 185 causes performance of a correlation
function on the beams 135 and 165 and produces the
image-bearing beam 410. The correlation performed in
the multiple-wave mixing cell 185 produces the image-

‘bearing beam 410 at an intensity I proportional to an

integral of the laser amplitude A correlated with the
signal light beam A with respect to time, according to
the following relations:

I «|fAj(t) As(t) dt}?

Ag(t) <A’ t—7)

When the frequency of narrowband beam 131 matches
a two photon resonance in the material in mixing cell
185, the correlation function described above will be
performed and the intensity of the image-bearing beam
410 will be maximum.

The signal light beam 165 provided from the scatter-
ing medium 110 to the multiple-wave mixing cell 185
can be directed at an angle or parallel with respect to
the broadband stochastic beam: 130 and the supplemen-
tal beam 167. Furthermore, the signal light beam 1685,
the broadband stochastic beam 135 and the supplemen-
tal beam 167 preferably should illuminate the same por-
tion of the multiple-wave mixing cell 185. It is prefera-
ble that the size of the beams 135, 165 and 167 illuminate
a totality of the multiple-wave mixing cell 185 by ad-
justment therewith using various conventional optics
such as a lens or optical train 210 disposed, for cxample,
between the object 115 and the multiple-wave mixing
cell 185. An optical train 220, such as a telescope or lens
combination, can also be provided between the filter
170 and the scattering medium 110 to adjust the beam
width of the signal light beam 160 provided to the scat-
tering medium 110. Further, as can be appreciated,
various conventional mirrors 310 and 320 and a beam
splitter 330 are preferable for directing the beams. For
example, the mirror 310 could be positioned to reflect
the beam 165 from the 0pt1ca1 train 210 off of the beam
sphttcr 330 into the mixing cell 185. In a like manner,
the mirror 320 could be positioned to reflect the beam
1305 from the beam splitter 150 into the adjustable ref-
erence path 190. The beam splitter 330 enables superpo-
sition of the broadband stochastic beam 135 and the
signal light beam 165 on the multiple-wave mixing cell
185. The order of the mirrors 310 and 320, the beam
splitter 330 and lenses such as the optical train 210 is not
important.

The tmage-bearing beam 410 is produced within the
multiple-wave mixing cell 185. The beam 410 contains

image information on an object 115 without defects due

to scattering in the scattering medium. The defects in
the signal light beam 165 are absent in the image-bearing
beam 410 when a reference beam provided by the
broadband pulse laser 120 is properly distanced from
the multiple-wave mixing cell 180 by the adjustable
reference path 190 as discussed below.

Besides the frequencies of the beams, the adjustable
reference path 190 adjusts a pathlength of the broad-
band stochastic beam 130 provided by the broadband
pulse laser 120. The pathlength depends upon charac-
teristics such as the length of the scattering medium 110
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in order to produce the image-bearing beam 410 in the
multiple-wave mixing cell 185 so that the image-bearing
beam 410 represents an object 115 in the scattering
medium 110 without distortions therein. A pathlength
of the adjustable reference path 190 is adjusted to vary
the arrival at the multiple-wave mixing cell 185 of the
pulses in the beams 135 and 165. A relative timing be-
tween the beams 135 and 165 should be chosen so as to
cause the pulses to overlap in time in the multiple-wave
mixing cell 188S.

The adjustable reference path 190 preferably contains
mirrors 192 and 193 and a retroreflector 195 such as a

corner cube or rooftop prism. The retroreflector 195 is

translatable in the directions of double-arrows 198.
Translation of the retroreflector 195 can adjust the
pathiength and thus the timing of the broadband sto-
chastic beam 135. Typically, the rooftop prism, for
example, is mounted on a translatable stage moved by,
for example, a screw or electric motor (not shown) to
thus shorten or length the optical path through the
adjustable reference path 190.

A filter 420 1s preferably used to pass the image-bear-
ing beam 410 and block all three of the broadband sto-
chastic beam 135, the signal light beam 165 and the
supplemental beam 167. The filter 420 can be sensitive
to frequency or alternatively can be replaced with po-

10

15
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larization filters to pass the image-bearing beam 410 and

remove the beams 135, 165 and 167. A conventional
detector 430, such as a charge coupled array device
(CCD) array, a two-dimensional photo detector or a
scanning one-dimensional photodetector array, receives
the 1image-bearing beam 410 to detect an image of the
object 115 or the like in the scattering medium 110.
Thus, 1t 1s possible to use a light beam to image an object
115 embedded 1n or viewed through a scattering me-
dium 110 even though the light beam is scattered within
the scattering medium 110 to obstruct optical viewing
of the object 115 by the naked eye or other condition-
ally known imaging techniques.

It is possible that the phase matching conditions in
mixing cell 185 can be satisfied if the beams 13§, 165,
167 and 410 pass through the cell 185 at different angles.
Thus, it 1s also possible that a filter can be avoided alto-
gether and the detector 430 placed at an angle sufficient
to receive the image-bearing beam 410 and not receive
the other three beams 13§, 167 and 165. Further, optics
such as the illustrated lens 440 can also be utilized be-
tween the filter 420 and the detector 430 to adjust the
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size of the image-bearing beam 410 to the size of the

detector 430.

The type of broadband pulse laser 120 is not impor-
tant and any conventional laser will do so long as it is
capable of delivering pulses of broadband stochastic
light. However, the broadband pulse laser 120 can be a
dye laser or a solid state laser made of, e.g., titanium
sapphlre, alexandrite, Li:CAF or Li:SAF. ‘When barium
is used for the multiple-wave mixing cell 185, in the
above example, the broadband pulse laser 120 prefera-
bly has a wavelength 1/vi=A of 885.16 nanometers
with a total bandwidth of about 10 nanometers. The
broadband pulse laser 120 preferably produces long
pulses of at least about one nanosecond (10— seconds).
A long pulse is preferred for viewing tissue to avoid
exceeding maximum permissible exposure levels estab-
lished by the American National Standards Instltute
(ANSI) tissue 1llumination standards.

Theoretical studies have shown that the use of the
multiple-wave mixing cell 185 with the two photon
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resonance described above will produce the image-
bearing beam 410 with no added photon noise because
of the fundamental nature of the interaction in the multi-
ple-wave mixing cell 1885. |

- FIG. 3 illustrates a modification of the embodlment
of FIG. 2, wherein like elements are illustrated with like
reference numerals. In FIG. 3, the signal light beam 160
is reflected from the scattering medium 110 to produce
the beam 165. As shown in FIG. 3, optical fibers 610
and 620 are used to deliver the beams to and from the
scattering medium 110. The optlcal fibers 610 and 620
can be of any length for imaging tissue, such as a pros-
tate, for example, within a human body.

While the invention has been ﬂlustrated and de-
scribed in detail in the drawings and foregoing descrip-
tions, it will be recognized that any changes and modifi-
cations will occur to those skilled in the art. For exam-
ple, laser 120 could produce short pulses of the order of
an exemplary one picosecond (1 psec). With short pulse
operation of laser 120, laser 121 could also produce
short pulses of comparable duration. Under such short
pulse operation, it is further possible that the nonlinear
mixing crystal 145 could be eliminated and the signal
beam 160 could be obtained from a separate short pulse
laser. Under these alternatives, the pulses in beam 135
and in the unscattered part of beam 165 should arrive in
synchronism at the mixing cell 185. In a further alterna-
tive, it could be possible to derive the conjugate corre-
lated beam 160 from a separate broadband long pulse
laser, eliminating the need for mixing crystal 145 and
the narrowband laser 121. It is therefore intended by the
appended claims, to cover such changes and modifica-
tions as fall within the true spirit and scope of the inven-
tion.

What is claimed and desired to be secured by Letters
Patent of the United States is:

1. An apparatus for imaging an object that is part of,
embedded 1n, or viewed through a scattering medium,
said apparatus comprising:

a broadband stochastic beam generator for providing

“a broadband stochastic beam;

a signal light beam generator for providing a signal
hight beam conjugate correlated with the broad-
band stochastic beam;

means for receiving the sxgnal light beam after disper-
sion in the scattering medium and the broadband
stochastic beam from the broadband stochastic
beam generator, said receiving means formed of a
material having a two photon transition frequency
higher than a frequency of the signal light beam:
and

a supplemental beam generator for applying a supple-.
mental beam to said receiving means with charac-
teristics sufficient to satlsfy phase matching with
the material of said recewmg means, said receiving
means being responswe to the signal light beam
after dispersion in the scattering medium, the
broadband stochastic beam and the supplemental
beam for producmg an mage—bearmg beam con-
taining an image of the object in the scattering
medium.

2. The apparatus of claim 1 wherein said receiving

means comprises:

a multiple-wave mixing cell.

3. The apparatus of claim 1 wherein:

said broadband stochastic beam generator comprises
a broadband pulse laser.

4. The apparatus of claim 1 wherein:
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said broadband stochastic beam generator comprises
a long pulse laser.

‘8. The apparatus of claim 1 wherein said szgnal llght

“beam generator comprises:

a narrowband beam generator for generating a nar-
‘rowband beam; and

means responsive to the broadband stochastic beam
and the narrowband beam for providing to the
scattering medium the signal light beam as a conju-
gate correlation with the broadband stochastic
beam, the conjugate correlation including a fre-
quency difference.

6. The apparatus of claim § wherein:

said providing means comprises a non-linear mixing
crystal.

7. The apparatus of claim 6 wherein:

said receiving means comprises a multiple-wave mix-
ing cell.

8. The apparatus of claim 1 further comprising:

a detector resmnswe to the unage-bcanng beam for
recording an image of the object in the scattering
medium.

9. The apparatus of clalm 7 further comprising:

a detector responsive to the 1mage-bear1ng beam for
recording an image of the object in the scattcrmg
mediurm.

10. The apparatus of claim 7 wherein:

said narrowband beam generator has characteristics
sufficient to generate the narrowband beam at a
frequency essentially equal to the two photon tran-
sition frequency of the material of said multiple-
wave mixing cell.

11. The apparatus of claim 7 wherein:

said non-linear mixing crystal comprises a material

selected from the group consisting of potassium

titanyl phosphate, potassium dihydrogen phos-
phate and lithium niobate. | |

12. The apparatus of claim 7 wherein:

said non-linear mixing crystal consists of potassium
titanyl phosphate.

13. An apparatus according to claim 7 wherein:

said non-linear mixing crystal consists of potassium
dihydrogen phosphate.

14. The apparatus of claim 7 wherein:

said non-linear mixing crystal consists of lithium nio-
bate.

15. The apparatus of claim 2 wherein:

the material of said multiple-wave mixing cell has the
two photon transition frequency essentially equal
to a sum of the frequency of the signal light beam
and a frequency of the broadband stochastic beam.

16. The apparatus of claim 2 wherein:

said multiple-wave mixing cell comprises an atomic
vVapor.

17. The apparatus of claim 1§ wherein:

said multiple-wave mixing cell comprises a metallic
vapor selected from the group consisting of bar-
ium, strontium, rubidium and cesium.

18. The apparatus of claim 1§ wherein:

said multiple-wave mixing cell comprises barium.

19. The apparatus of claim 15 wherein:

said multiple-wave mixing cell comprises strontium.

20. The apparatus of claim 7 further comprising:

a filter optically disposed between said non-hnear
mixing crystal and the scattering medium, said
filter having characteristics sufficient to pass the
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signal light beam and to block the broadband sto-
chastic beam and the narrowband beam.

21. The apparatus of claim 3 further comprising:

an adjustable optical path length optically disposed
between said broadband stochastic beam generator

- and said multiple-wave mixing cell.

22. The apparatus of claim 2 wherein:

said multiple-wave mixing cell produces a image-
bearing beam at an angle different than that of each
of the broadband stochastic and signal light beams;
and

wherein said apparatus further comprises a detector
optically disposed along the angle to detect the
- image-bearing beam and avoid the broadband sto-
chastic and signal light beams.

23. The apparatus of claim 2 further comprising:

an output filter optically disposed at an optical output
of the multiple-wave mixing cell, said an output
filter having characteristics sufficient to block both
the broadband stochastic beam and the narrow-
band stochastic beam and to pass a image-bearing
beam generated within said multiple-wave mixing
cell. |

24. The apparatus of claim 1 further comprising:

at least two parallelly arranged fiber optical cables,
one fiber optical cable optically disposed to guide
the signal light beam to the scattering medium and
another fiber optical cable optically disposed to
~ guide the signal light beam reflected from or trans-
mitted through the scattermg medium.

25. An apparatus for imaging an object that is part of,

embedded in or viewed through a scattering medium,
said apparatus comprising:

35

beam generating means for generating a broadband
stochastic beam, a supplemental beam and a signal
light beam conjugate correlated with the broad-
band stochastic beam:;

multiple-wave mixing means responswe to the signal
light beam after dispersion in the scattering me-
dium, the broadband stochastic beam and the sup-
plemental beam for performing a two photon reso-
nant four wave sum frequency interaction to pro-

duce an image-bearing beam containing an image

of the object in the scattering medium; and
means responsive to the image-bearing beam for re-
cording an image of the object in the scattering
‘medium.
26. A method for imaging an object that is part of,

embedded in or viewed through a scattering medium,
said method comprising the steps of:

(a) generating a broadband stochastic beam;

(b) generating a signal light beam conjugate corre-
lated with the broadband stochastic beam;

(c) illuminating the object in the scattering medium
with the conjugate correlated signal light beam;

(d) generating a supplemental beam:;

(e) performing a two photon resonant four wave sum
frequency interaction in response to the signal light
beam from the scattering medium, the broadband
stochastic beam, and the supplemental beam to
produce an image-bearing beam containing an

- image of the object in the scattering medium; and

(f) detecting the image of the object in the image-
bearing beam.

* % % % %



	Front Page
	Drawings
	Specification
	Claims

